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Abstract 

Leuprolide acetate, a potent agonist of luteinizing hormone-releasing hormone (LHRH), was found to display 
little or no secondary structure in aqueous solution as determined by circular dichroism (CD) spectroscopy. 
However, upon addition of trifluoroethanol, CD spectra consistent with type II/3-turn structures were observed. CD 
spectroscopy was also employed to evaluate the aggregation of leuprolide in solution. In aqueous solution, leuprolide 
does not readily aggregate. However, in ethanol/water mixtures, concentration- and temperature-dependent 
aggregation was observed. This demonstrates that CD spectroscopy can be an effective analytical tool for assessing 
not only the structure of peptides, but also detecting peptide aggregation. 
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1. Introduction 

Leuprolide acetate (LPA) is a luteinizing hor- 
mone-releasing hormone ( L H R H )  agonist with a 
sequence similar to that of other L H R H  analogs 
(see Table 1). Numerous  reports  have appeared  
regarding the stability of  other  LHRH-I ike  
molecules (Winterer  et al., 1983; Shi et al., 1984; 
Johnson et al,, 1986; Hahn  et al., 1987; Helm and 
Miiller, 1990; Motto et al., 1991; Okada et al., 
1991; Oyler et al., 1991; Powell et al., 1991), 
focusing on the chemical degradation of L H R H  
compounds.  However,  little is known about the 
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structure and physical stability of  L H R H  analogs 
in solution. This study describes the secondary 
structure and aggregation behavior of  LPA, both 
in aqueous solution and in the presence of non- 
aqueous solvents. 

2. Materials and methods 

All CD spectra were measured on an Aviv 
62DS CD spect rophotometer  equipped with a 
thermoelectric tempera ture  control unit. Temper-  
atures are accurate to + 0.2°C. Strain-free quartz 
ceils were purchased from Hellma, and path- 
lengths ranged from 0.5 to 10 mm. Data  collec- 
tion employed a 0.25 nm step size, a bandwidth of 
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1.0-1.5 nm, and an averaging time of 3 s per data 
point. 

Particle size analyses employed a Nicomp 370 
submicron particle sizer. Measurements were 
made at room temperature over a period of 10 
min. Samples were placed in 0.5 ml cuvettes. 

Trifluoroethanol (Aldrich) was used without 
further purification. Leuprolide acetate was pro- 
vided by Takeda Abbott Pharmaceuticals. Pep- 
tide concentrations were determined using an 
extinction coefficient of 0.53 at 277 nm for a 1 
mg/ml  aqueous solution with a pathlength of 1 
mm. The extinction coefficient in 20% ethanol 
was not found to be appreciably different ( < 10% 
difference). Experiments were performed both 
with leuprolide acetate solutions where no buffer 
was added and with 10 mM phosphate buffer, 
and no significant difference was observed. 

3. Results  and d i scuss ion  

3.1. Secondary structure of LPA in aqueous solu- 
tion 

Although CD spectra of LHRH, LHRH 
analogs, and fragments have been reported 
(Marche et al., 1976; Cann et al., 1979), little is 
known regarding the structure of LHRH agonists 
in solution. Therefore, we have initiated struc- 
tural studies on LPA examining the far UV (h = 
175-250 nm) CD spectrum. In aqueous solution, 
LPA does not appear to adopt a significant 
amount of a preferred secondary structure (Fig. 
1). However, it is difficult to determine exactly 
the types and amounts of any secondary structure 
due to large contributions from the Tyr and Trp 
side chains. 

.i 
~ E 
1 

1 8 0  190  2 0 0  2 1 0  220  2 3 0  2 4 0  2 5 0  

Wavelength (rim) 

Fig. 1. Far UV CD spectra of LPA in water and in 50% 
TFE/water  (v/v). The concentration of LPA was 0.1 mg/ml  
and the pathlength was 1 mm. 

Many peptides which do not adopt a regular 
structure in aqueous solution do so upon the 
addition of organic solvents. One common tech- 
nique for stabilizing latent secondary structure in 
peptides is to add perfluorinated alcohols, such 
as trifluoroethanol (TFE), a strong hydrogen bond 
donor. It has been shown that TFE can dramati- 
cally stabilize secondary structures in small pep- 
tides, particularly of a-helical conformations 
(Holladay, 1977; Wu and Yang, 1981; Manning, 
1989; Lehrman et al., 1990; Honda et al., 1991; 
Matsuura and Manning, 1993). Increasing the 
concentration of TFE from 0 to 50% (v/v) leads 
to a marked change in the far UV CD spectrum 
(Fig. 1). The difference spectrum (50% minus 
0%) displays three distinct features: a strong neg- 
ative band at 220 nm, a strong positive band near 
195 nm, and a weak negative band at 180 nm 
(Fig. 2). Such a CD pattern has been termed a 
class B spectrum by Woody (1974), and is indica- 
tive of formation of a /3-turn. It has been shown 
that class B spectra are observed for peptides 

Table 1 
Sequences of LHRH and related analogs 

Peptide Sequence 

LHRH 
LPA 
Fertirelin 
Histrelin 
Nafarelin 
Triptorelin 

pGlu His Trp Set Tyr Gly Leu" Arg Pro Gly NH z 
pGlu His Trp Ser Tyr Gly Leu Arg Pro NHEt 
pGLu His Trp Set Tyr Gly Leu Arg Pro NHEt 
pGLu His Trp Set Tyr Gly Leu Arg Pro NHEt 
pGlu His Trp Set Tyr GLy Leu Arg Pro Gly NH 2 
pGlu His Trp Set Tyr Gly Leu Arg Pro GLy NH 2 

Lcu, D-leucine; Trp, D-tryptophan; Nal, 2-naphthylalanine; pGlu, pyroglutamate. 
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which adopt type II turns (Perczel and Fasman, 
1992; Perczel et al., 1992). Similar spectra have 
been observed for delta sleep-inducing peptide 
(DSIP), a nonapeptide which partially exists in 
aqueous solution as a folded conformation with 
two type II turns (Gray et al., 1994). These exper- 
iments suggest that nascent secondary structure 
exists in LPA, and that the structures can be 
stabilized by the addition of TFE. 

3.2. Aggregation of LPA as determined by CD 
spectroscopy 

The major physical instability exhibited by 
LHRH analogs is aggregation (Powell et al., 1991). 
For the purposes of this study, aggregation is 
taken to refer to association of the peptide on a 
microscopic level (Manning et al., 1989), meaning 
the aggregates remain in solution, but with chem- 
ical and physical properties differing from the 
dispersed monomeric species. Therefore, aggre- 
gation is a process distinct from precipitation. 

Analysis of peptide aggregates is difficult, as 
the primary particles are typically too small for 
detection by light scattering methods. Therefore, 
we have chosen to monitor the near UV (NUV, 
A = 350-250 nm) CD spectra of LPA as a func- 
tion of concentration in order to detect aggregate 
formation. Aggregation should alter the band 
shape and intensity of near UV CD bands (Man- 
ning, 1992): 
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Fig. 2. Difference spectrum of LPA in water and in 50% 
TFE/water (v/v). The spectrum is plotted as the 50% 
TFE/water minus the spectrum in water (0% TFE). 
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Fig. 3. Near UV CD spectrum of LPA in water (5 mg/ml). 
The pathlength was 1 mm and the sample temperature was 
25°C. 

The search for nonparenteral routes of admin- 
istration of peptides and proteins has led to new 
formulation demands. Certain formulations de- 
signed for transdermal delivery of LPA include 
high concentrations of ethanol, a solvent in which 
LPA is readily soluble (Lu et al., 1992). However, 
the behavior of these formulations can be erratic. 
We hypothesized that the inconsistency of the 
formulations might be due to formation of small 
soluble aggregates, as the concentrations fre- 
quently exceeded 10 mg/ml (Lu et al., 1992). 

Solutions of LPA in water and in 4 :1  
ethanol/water mixtures were prepared at known 
concentrations. In aqueous solution (pH 6), no 
evidence of aggregation can be detected by CD 
within the concentration range studied (up to 20 
mg/ml). Both the intensity and band shape re- 
mained essentially constant for aqueous LPA so- 
lutions of concentrations up to 10 mg/ml. A 
representative CD spectrum is shown in Fig. 3. 
However, in 4:1 ethanol/water mixtures, aggre- 
gation of LPA could be detected. 

Initial studies were conducted with CD sample 
temperatures at 5°C. Below concentrations of 3 
mg/ml, the CD spectra appeared as a single 
negative maximum centered at 275 nm with an 
intensity of approx. -250 degree cm 2 drool -~ 
(Fig. 4). Increasing the concentration to 4.2 
mg/ml produces a sharp change in the CD spec- 
trum. It then displays two negative bands, a peak 
at 270 nm and a shoulder at 280 nm. At a 
concentration of 5.45 mg/ml, these two features 
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have become distinct negative maxima at 268 and 
288 nm. Variation of the CD spectrum with in- 
creased concentration is indicative of aggregate 
formation. Therefore,  aggregation of LPA is ac- 
centuated by the presence of large amounts of 
nonaqueous solvents. 

The presence of two bands suggests that, as 
LPA associates, the local environment around the 
aromatic groups differs widely. In general, two 
types of sites are generated, one where the side 
chain is relatively solvent accessible and one 
where it is not. In addition, the packing in the 
aggregate may also alter the preference in side 
chain dihedral angle, which will affect the NUV 
CD spectrum as well. Under  these conditions, the 
far UV spectrum does not change, indicating that 
the effects do not arise from a transition in sec- 
ondary structure. 

Similar aggregation behavior was observed for 
samples held at 25°C. The overall intensity for 
monomeric LPA was lower ( - 1 5 0  degree cm 2 
dmo1-1) than at 5°C, but the band shape and 
position (275 nm) were the same (Fig. 5). The 
effect of temperature  on aggregation of LPA is 
pronounced. Upon increasing the temperature to 
25°C from 5°C, the concentration required to 
aggregate LPA is nearly doubled (cf. Fig. 4 and 
5). This suggests that there may be only a small 
activation energy to aggregation of LPA. This 
aspect of its stability will be the focus of further 
studies. Dynamic light scattering measurements 
indicated that the aggregates were less than 0.01 
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Fig. 4. Concentrat ion dependence of the near UV CD spec- 
trum of LPA in a 4:1 e t h a n o l / w a t e r  mixture. The pathlength 
was 1 mm and the sample temperature  was 5°C. 
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Fig. 5. Concentrat ion dependence of the near UV CD spec- 

trum of LPA in a 4:1 e t h a n o l / w a t e r  mixture. The path- 
lengths were ei ther  0.5 or 1 mm and the sample temperature  

was 25°C. 

/xm in diameter, the lowest detectable limit using 
the Nicomp particle size analyzer. Therefore,  de- 
tection of these small aggregates can only be 
accomplished with methods such as CD spec- 
troscopy. 

Surface tension measurements are another tool 
which has been employed to detect peptide asso- 
ciation (Powell et al., 1991). It has been reported 
that certain L H R H  agonists are surface active, as 
determined by surface tension measurements 
(Powell et al., 1991). Detirelix, for example, is 
highly hydrophobic and has been found to have a 
critical micelle concentration of 2 m g /m l  (Powell 
et al., 1991). The degree of activity varies greatly 
depending upon the sequence, as nafarelin did 
not form micelles even at concentrations above 
10 mg/ml .  Such information is important for 
proper  handling of LPA during isolation and 
purification, as well as indicating its propensity to 
adsorb to surfaces and form aggregates in solu- 
tion. Measurements of the surface tension of 
LPA do not indicate micelle formation, for con- 
centrations up to 10 mg/ml ,  so any aggregation 
occurring must be at a concentration below the 
critical micelle concentration. 

Aggregation in neat ethanol appears to be 
much more facile than in 4 : 1 e thanol /water  (Fig. 
6). Whereas it requires concentrations of nearly 
10 m g /m l  to aggregate at room temperature in 
4 :1  e thanol /water ,  it requires only ~ 1 m g /m l  
concentrations in ethanol. In addition, the sign of 
the near UV CD band of LPA changes upon 
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increasing the ethanol content of the solvent from 
80 to 100%. These data suggest that aggregation 
in water would require very high concentrations. 

3.3. Effect of  excipients on the aggregation of  LPA 

A number of additives have been reported to 
increase the stability of proteins (Wang and Han- 
son, 1988). Additionally, a number of additives 
have been shown to enhance the percutaneous 
absorption of LPA (Lu et al., 1992). However, 
little is known regarding the effect of additives on 
aggregation. In order for CD to be a useful 
analytical tool, it should be able to analyze for- 
mulations as well as bulk drug material. 

Polymers are a common class of excipients 
(Wang and Hanson, 1988) and polyvinylpyrroli- 
done (PVP) was chosen as a representative case. 
The effect of PVP on the concentration-induced 
aggregation of LPA in 4 : 1 EtOH/water  mixtures 
was followed by CD spectroscopy as detailed 
above (see Fig. 7). The concentration of PVP was 
1% (w/v). It appears that PVP may slightly pro- 
mote LPA aggregation, as CD changes occur at 
slightly greater concentrations than without PVP 
added. It does demonstrate that the aggregation 
of LPA can be detected using NUV CD spec- 
troscopy without interference from additives like 
PVP. Similar measurements were made for 
oligosaccharide containing solutions, again with- 
out interference (results not shown). Provided 
that the excipient did not exhibit significant ab- 
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Fig. 6. Concentration dependence of the near UV CD spec- 
trum of LPA in neat ethanol. The pathlengths were either 0.5 
or 1 mm and the sample temperature was 25°C. 
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Fig. 7. Concentration dependence of the near UV CD spec- 
trum of LPA in a 4"1 e thanol /water  mixture. The solution 
contained 1% (w/v)  of PVP. The pathlengths were either 0.5 
or 1 mm and the sample temperature was 25°C. 

sorption in the NUV, any formulation could be 
analyzed by this method. 

4. Summary 

Circular dichroism spectroscopy has proven to 
be a powerful tool for examining the solution 
structure and aggregation behavior of LPA. Al- 
though LPA appears to adopt little ordered sec- 
ondary structure in aqueous solution, upon addi- 
tion of trifluoroethanol, LPA adopts type II 13- 
turn type structures. These structures are cur- 
rently being investigated using multi-dimensional 
NMR spectroscopy. 

Current LPA formulations call for the use of 
nonaqueous solvents, such as ethanol, and high 
LPA concentrations (Lu et al., 1992). In ethanol/  
water mixtures, LPA aggregates in a concentra- 
tion- and temperature-dependent fashion. The 
aggregates display markedly different NUV CD 
spectra from monomeric LPA. As NUV CD sig- 
nals arise from aromatic groups, the particular 
characteristics of the CD spectrum are dependent 
on the local environment around each side chain 
(Manning, 1992). Consequently, the NUV region 
has been interpreted as indicating the extent of 
tertiary structure or overall globular folding, al- 
though it can also indicate localized denatura- 
tion. In the case of LPA, as the peptide molecules 
associate, the environment around the aromatic 
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groups changes, and the electronic states of the 
side chains can interact with additional excited 
states on adjoining molecules (Manning, 1992). In 
general, during aggregation, the side chains be- 
come more protected from the solvent. There- 
fore, the NUV CD characteristics begin to vary, 
depending on the hydrophobicity, solvent accessi- 
bility, and degree of order in the immediate vicin- 
ity of the chromophore. 

Since NUV CD spectra display this sensitivity 
to change in the local environment, CD spec- 
troscopy can be employed as a sensitive analytical 
method for detecting the aggregation of peptides. 
It has been demonstrated that these analyses can 
be performed even in the presence of certain 
excipients and under conditions where the aggre- 
gates are too small to be detected by light scatter- 
ing methods. 
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